abbreviatioNS ASD = adult spinal deformity; CL = cervical lordosis; LIV = lower-most instrumented vertebra; LL =lumbar lordosis; PI = pelvic incidence; PSO = pedicle subtraction osteotomy; PT = pelvic tilt; SPI = spinopelvic inclination; SS = sacral slope; SVA = sagittal vertical axis; T1S = T-1 slope; TK = thoracic kyphosis; UIV = uppermost instrumented vertebra; VCR = vertebral column resection; 3CO = 3-column osteotomy.
A dult spinal deformity (ASD) is a pathological condition defined as spinal malalignment in the axial, coronal, or sagittal plane and is derivative of congenital, iatrogenic, degenerative, or idiopathic etiology. 30 The restoration of sagittal alignment, as established by the sagittal vertical axis (SVA; target < 5 cm) and pelvic tilt (PT; target < 20°) on sagittal radiography, is important in surgical deformity correction. 6, 21, 22 Although coronal plane correction also has clinical relevance, sagittal corrections appear to have greater importance, 5, 6 principally because sagittal radiographic parameters have consistently been associated with physical disability, emotional disability, and diminished health-related quality of life. 2, 5, 6, 10, 13, 20, 23, 26 Sagittal cervical malalignment merits proper consideration since it has been associated with significantly worse patient outcomes. In a recent cohort study of 113 patients, Tang et al. demonstrated that cervical malalignment correlates with physical disability. 26 In another study by Villavicencio et al., less disability was seen among the patients demonstrating postoperative improvements in cervical sagittal alignment. 27 In practice, achieving optimal correction of cervical malalignment can be challenging. Patients with ASD can present with concomitant deformities given that compensatory changes within adjacent areas (for example, pelvic retroversion, increased cervical lordosis [CL] ) can occur as the patients attempt to maintain upright alignment, normal gait, and horizontal gaze. 10, 11, 19 Additionally, one potential consequence of surgical instrumentation is that unfused regions of adjacent spine can demonstrate dynamic changes postoperatively, a phenomenon referred to as "reciprocal change."
Reciprocal changes in neighboring unfused segments have been described following instrumentation and fusion, and these relationships carry compelling implications for patient management. At times, reciprocal changes have been shown to improve patient outcomes, as evidenced by spontaneous correction of increased CL following lumbar pedicle subtraction osteotomy (PSO). 25 Occasionally, however, the converse has been observed. In a study conducted by Lafage et al., for example, 34 patients underwent lumbar PSO, but 18 patients had reciprocal increases in thoracic kyphosis (TK) that led to poor sagittal alignment. 9 Improving the understanding of such reciprocal relationships will likely form a critical component in the future management of patients with ASD. However, studies thus far have focused disproportionately on reciprocal changes following lumbar deformity correction, with fewer reports of reciprocal changes following thoracic deformity correction. 8, 17 More specifically, cervical changes following thoracic deformity surgery have yet to be fully characterized, and this knowledge gap provided the impetus for the current study, in which we endeavored to evaluate changes in spinal alignment following the correction of thoracic deformity. We hypothesized that thoracic deformity correction would lead to significant radiographic improvement in cervical and spinopelvic alignment.
methods patient population
We conducted a retrospective radiographic review of a large, multiinstitutional database of consecutively treated ASD patients, which had been collected with institutional review board approval at each institution. Inclusion criteria for this primary database were 1) an age ≥ 18 years and 2) a diagnosis of spinal deformity (scoliosis Cobb angle ≥ 20°, SVA ≥ 5 cm, PT ≥ 25°, or TK ≥ 60°). Neuromuscular spinal deformities and patients with active infections or malignancy were excluded. For the present study, additional inclusion criteria were as follows: 1) at least 1 corrective osteotomy for a primary thoracic deformity, 2) upper-most instrumented vertebra (UIV) between T-1 and T-4, 3) lower-most instrumented vertebra (LIV) at L-5 or above (LIV ≥ L-5) or at the ilium (LIV-ilium), and 4) a minimum radiographic follow-up of 2 years. Patients who had osteotomies extending into the thoracic spine from the correction of a primary lumbar deformity and those who had undergone lumbar 3-column osteotomies were excluded.
data collection and radiographic assessment
Data pertaining to patient demographics, surgical osteotomy type, and radiographic parameters were collected. The surgical osteotomies included Smith-Petersen and 3-column osteotomies (3COs), the latter involving either PSO or vertebral column resection (VCR).
Full-length, free-standing, 36ʺ cassette, lateral spine radiographs were obtained preoperatively and at the 3-month and 2-year postoperative time points in accor-0.05, statistically significant). At the 2-year follow-up, only the C2-7 SVA increased significantly from baseline (p = 0.01), whereas LL decreased from baseline (p < 0.01). The prevalence of increased CL was 35.3% at 3 months and 47.8% at 2 years, which did not represent a significant change. Postoperative cervical alignment changes were not significantly different from preoperative values regardless of the LIV (LIV ≥ L-5 or LIV-ilium, p > 0.05 for both). In a subset of patients with a maximum TK ≥ 60° (35 patients) and 3-column osteotomy (38 patients), no significant postoperative cervical changes were seen. coNcluSioN Increased CL is common in adult spinal deformity patients with thoracic deformities and, unlike after lumbar corrective surgery, does not appear to normalize after thoracic corrective surgery. Cervical sagittal malalignment (C2-7 SVA) also increases postoperatively. Surgeons should be aware that spontaneous cervical alignment normalization might not occur following thoracic deformity correction.
dance with established standards for proper radiographic evaluation. 1 Outcome measures were sagittal radiographic parameters at the time of follow-up, which were analyzed using validated software (Spineview, ENSAM, Laboratory of Biomechanics). 4, 18 All radiographic measurements were performed at a central location using conventional techniques. 15, 19, 24 Radiographic parameters for regional and global spinal alignment were represented as follows: C2-7 SVA (C-2 plumb line relative to C-7), CL (Cobb angle between the superior endplate of C-2 and the inferior endplate of C-7), T-1 slope (T1S), and T1S minus CL (T1S-CL) for cervical alignment; TK (T2-12; Cobb angle between the superior endplate of T-2 and the inferior endplate of T-12) and apical TK for thoracic alignment (maximal angle for the apex of the sagittal thoracic curve); lumbar lordosis (LL; Cobb angle between the superior endplates of L-1 and the sacrum), PT, pelvic incidence (PI), sacral slope (SS), and PI-LL mismatch for spinopelvic alignment; and C-7 SVA (C-7 plumb line relative to S-1), T-1 spinopelvic inclination (T1SPI), and T9SPI for global sagittal alignment. Cervical malalignment was classified as kyphosis (CL < 0°), increased CL (CL > 15°), 25 and cervical sagittal malalignment (C2-7 SVA > 4 cm).
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Statistical analysis
Continuous variables for summary statistics were described with mean ± standard deviation estimates. Radiographic parameters were compared between baseline and postoperative values, and differences were assessed using the Wilcoxon signed-rank test. Contingency analysis for categorical variables was conducted using the chi-square test. Subgroup analysis was done on patients with an LIV ≥ L-5, LIV-ilium, maximum TK ≥ 60°, and those who underwent 3CO (that is, PSO and VCR). The threshold for statistical significance was p < 0.05. All analyses were performed using Intercooled Stata, version 12 (StataCorp.).
results patient population
Ninety-seven patients with ASD were treated for thoracic deformity and thus were reviewed further for this study. Forty patients were excluded for not having a UIV between T-1 and T-4 and not having an LIV ≥ L-5 or at the ilium. Overall, 57 patients (44 females, 13 males) met all criteria for inclusion in this analysis. Demographics are summarized in Tables 1 and 2 . The mean patient age was 49.1 ± 14.6 years (range 21-80 years), and the mean body mass index was 27.8 ± 7.3 kg/m 2 (range 18-57 kg/m 2 ). Thirty-five patients presented with a maximum TK angle ≥ 60°. Nineteen patients underwent Smith-Petersen osteotomy, and the 3 most common osteotomy levels were T-8 (95%), T-7 (89%), and T-9 (89%). Thirty-eight patients underwent 3COs, of which 27 were VCR and 11 were PSO. In the VCR group, osteotomies were most commonly performed at T-9 (22%), T-7 (15%), and T-10 (15%). In the PSO group, osteotomies were most commonly performed at T-7 (27%), T-8 (18%), T-11 (18%), and T-12 (18%). The mean preoperative radiographic values did not demonstrate significant global sagittal malalignment in the overall cohort: C-7 SVA, 7.6 ± 49.9 mm; T1SPI, -5.0° ± 4.8°; and T9SPI, -16.2° ± 6.8°.
cervical radiographic outcomes
Among the entire study cohort, the mean preoperative cervical parameters revealed cervical malalignment, with increased CL (18.5° ± 19.7°) and cervical sagittal malalignment (41.7 ± 18.4 mm) both evident (Table 3 ; Fig. 1 ). 
Overall cohort (n = 57) Rates of preoperative cervical kyphosis, cervical sagittal malalignment, and increased CL were 17.8%, 47.8%, and 48.9%, respectively (Table 4) . Following thoracic deformity correction, significant changes were seen in the C2-7 SVA at both 3 months and 2 years postoperatively (p < 0.05 for both) but not in the corresponding rates of cervical malalignment (p > 0.05 for both). Rates for cervical deformity correction at 2 years postoperatively were 29%, 26%, and 21% for cervical kyphosis, cervical sagittal malalignment, and increased CL, respectively (Table 5) . Among patients undergoing distal fusion at or above L-5 versus at the ilium, no significant cervical changes in CL or C2-7 SVA were observed at 3 months or 2 years postoperatively (p > 0.05 for all). Among patients with maximum TK ≥ 60° or those undergoing a 3CO, cervical parameters did not significantly change at either time point (p > 0.05 for all). Several patients developed new-onset cervical deformity: among those without concurrent baseline cervical spine deformity, the incidence of new cervical deformity at the 2-year follow-up was 12%, 55%, and 24% for cervical kyphosis, cervical sagittal malalignment, and increased CL, respectively (Table 6 ).
thoracic radiographic outcomes
The mean preoperative thoracic parameters within the entire cohort revealed thoracic sagittal malalignment (TK: 62.8° ± 29.3°; Table 3 ). After thoracic osteotomy, the mean TK and apical TK significantly decreased from baseline at both the 3-month and 2-year follow-ups (p < 0.05 for both; Fig. 1 ). Among patients with an LIV ≥ L-5, the mean TK and apical TK were significantly lower at 3 months and 2 years postoperatively (p < 0.05 for both). In contrast, patients with an LIV-ilium did not show statistically significant changes in the mean kyphosis angle or apical TK (p > 0.05 for both). Patients with a maximum TK ≥ 60° or those who underwent 3CO showed significant decreases in TK and apical TK at the 3-month and 2-year follow-ups (p < 0.05 for both).
Spinopelvic radiographic outcomes
At baseline, global and pelvic sagittal malalignment were not seen, although there was significant TK (Fig. 1) . However, 3-month and 2-year postoperative radiographic values revealed significant changes in LL and PI-LL (p < 0.05 for both; Table 3 ). Patients with an LIV ≥ L-5 had significantly reduced LL and PI-LL at 3 months and at 2 years, as compared with preoperative values (p < 0.01 for both). Patients with an LIV-ilium had an increased SS at 3 months and at 2 years, again as compared with preoperative values (p < 0.05 for both). Following surgery, the mean values for LL and PI-LL were also significantly lower among patients with a maximum TK ≥ 60° and those with 3CO (p < 0.05 for both). 25 Reciprocal changes following thoracic deformity correction have been reported less often. In Klineberg et al.'s series of 29 thoracic PSOs, the authors revealed a reciprocal 8° reduction in LL. 8 Peelle et al. reported 50% spontaneous correction of the lumbar curve in the coronal plane and 68% on side-bending radiographs following thoracic fusion for scoliosis. 17 And although they conducted a study on adolescent idiopathic scoliosis patients, Newton et al. demonstrated that when these patients were treated using thoracic fusion with an LIV of T11-L1, LL decreased postoperatively. 14 Our study is the first attempt to characterize radiographic changes in both cervical and lumbar regions following thoracic osteotomies. Given evidence in the literature, we hypothesized that thoracic deformity correction would lead to reciprocal improvements in cervical and spinopelvic radiographic parameters. The results of our analysis indicated that some significant reciprocal changes in the cervical spine do occur postoperatively, as evidenced by the 5.3-mm increase in the C2-7 SVA at 2 years; however, this increase suggested a possible worsening of cervical sagittal alignment. Furthermore, the mean 2-year postoperative values for CL (15.3° ± 14.8°) and C2-7 SVA (47.0 ± 19.8 mm) suggested a lack of consistent improvement in CL and the persistence of sagittal cervical malalignment, respectively. Rates of cervical deformity also did not significantly change from baseline, and several patients even developed a new cervical spine deformity after undergoing thoracic osteotomy. On the other hand, in the lumbar spine, significant changes were observed in the form of improved PI-LL. No other changes were seen in the lumbar parameters.
Collectively, these results suggested that thoracic osteotomies have some impact on postoperative cervical or spinopelvic alignment. To validate these findings, we conducted several subgroup analyses. In the first subgroup analysis, for two reasons we aimed to ascertain whether the level of distal fusion was a contributory factor in reciprocal change. From a mechanistic standpoint, patients with lower instrumentation reaching the ilium should be more susceptible to reciprocal changes in the cervical spine given the operative fixation of spinopelvic alignment. Theoretically, these patients would be unable to compensate for thoracic deformity correction in the lumbar spine and would have increased difficulty in the pelvis, thus increasing the likelihood for change to occur in the cervical spine. Additionally, literature evidence has pointed to fusion levels influencing the directionality of reciprocal change, with one study showing that thoracic PSOs with lumbar fusion increased postoperative LL while those without resulted in a net loss of LL. 8 Nevertheless, patients in either the LIV ≥ L-5 or the LIV-ilium group failed to show significant improvement in postoperative cervical parameters. However, patients with an LIV ≥ L-5 had a postoperative loss of 15.3° in LL.
In a subsequent subgroup analysis, we aimed to determine whether severe thoracic deformity was associated with reciprocal change. Although concrete thresholds for defining sharp angular sagittal TK have not been clearly defined, severe TK was represented by selecting patients with a maximum TK ≥ 60°. In this cohort of 35 patients, the single observed change was a mean loss of 15.6° in LL. No cervical changes were seen. Severe deformity was also estimated by analyzing only those patients who had undergone 3CO (38 patients), which is typically reserved for severe deformity and affords the appropriate surgical platform for inducing the greatest degree of correction. 3 Application of the 3CO techniques, specifically VCR and PSO, for thoracic deformity correction has been described elsewhere. 12, 16, 28, 29 In this cohort of 38 patients, significant reciprocal improvements in cervical parameters were again absent, but as regards the lumbar parameters, there was -7.8° in LL. The explanation for the lack of reciprocal change in CL remains unclear. As Klineberg et al. posit, in much the same way that compensatory changes initially occur to preserve balance and horizontal gaze, alignment of regions distal to the correction site should similarly "recompensate" once focal correction is achieved. 8 Given that many of our patients were hyperlordotic in their cervical spine, it was expected that thoracic deformity correction would normalize the sagittal cervical Cobb angle. Our analysis revealed that the index surgery resulted in a significant change in TK, which would be expected to induce a reciprocal decrease in the T-1 slope (T1S) as well as a loss in CL to maintain horizontal gaze. However, while some reductions in T1S and CL were observed, they did not reach statistical significance.
There are several possible explanations for the failure of cervical alignment to compensate. First, we should note that in the population without fusion to the pelvis, a significant adjacent segment change (loss of lordosis) did occur in the lumbar spine. It is possible that this change is perhaps more likely to occur because of the greater impact of the lumbar area on overall global balance and energy expenditure. Second, the absence of change in the cervical spine may be a result of incomplete correction of the entire thoracic spine given a focus on apical (or sharp angle) kyphosis. Furthermore, given the difficulty in visualizing the T1-4 area on radiographic studies, it is possible that a compensatory increase in kyphosis occurred in the region. We were not able to visualize this area well enough to include T1-4 (upper TK) in our analysis. A lack of significant change in T1S may account for some of the absent reciprocal change as T1S and CL are closely related. 19 Increases in T1S cause increases in CL if the patient is to maintain a horizontal gaze. 19 Furthermore, although overall TK significantly decreased, the patients, on average, still had a large TK with a mean of 51.5°, and those with an initial maximum TK ≥ 60° had a mean of 56.3° at 2 years. Thus, it is possible that the deformity correction was focused around the apical thoracic deformity, resulting in a decrease in the sharp angle but not as great an increase in overall TK and thus no change in T1S and continued elevation of CL.
It is also interesting to note the statistically significant increase in C2-7 SVA, which would translate to worsening cervical deformity. On average, patients increased in their cervical SVA, further confounding the anticipated favorable reciprocal change. As mentioned above, an incomplete correction of total TK or an increase in T1-4 kyphosis may have resulted in these persistent or worsened alignment values.
Overall, these findings highlight the importance of requisitioning full standing radiographs in the workup of patients with thoracic deformity. Preoperatively, many such patients also demonstrate cervical deformity. Importantly, the correction of TK does not normalize cervical alignment and may worsen cervical sagittal alignment. The strengths of the present study, compared with previous analyses, are its multiinstitutional nature and its accrual of a larger number of patients with thoracic deformity. 8, 17 However, these factors also pose limitations, as individual variations in the surgical technique or procedural bias may be present. Furthermore, the study's retrospective nature imposes inherent limitations. Future studies should emphasize the prospective collection and analysis of patient data, which would allow for more detailed analyses of the presence and types of reciprocal change that can occur following thoracic deformity surgery. In addition, EOS imaging may allow higher-definition imaging of changes in the T1-4 region often obscured by the shoulders and upper thorax. Correlation with patient outcomes and cervical health-related quality of life parameters could also prove to be an important issue to investigate in the future as well.
conclusions
Dynamic reciprocal changes following corrective surgery for thoracic deformity have been largely unexplored to date. This multicenter analysis of a consecutive cohort of patients with ASD who were treated for thoracic deformity revealed that concurrent cervical malalignment is prevalent in this population and that cervical malalignment persists despite thoracic deformity correction. As a result, the evaluation of concomitant increased CL and cervical sagittal malalignment should be encouraged, and clinicians must be cognizant of the fact that, unlike in lumbar corrective surgery, the risk for persistent cervical malalignment remains high following selective correction of the thoracic deformity.
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